Introduction
For over a century, the eukaryotic cilium had failed to gain the respect that it deserved. Although the importance of ciliary function in moving mucus out of the airway was recognized, it did not serve to inspire many researchers. Nevertheless, cilia kept being found in new locations within the body that had nothing to do with respiration. Over the years, histologists found cilia in virtually every cell in every tissue (Figure 1 ), including oviduct [1] , neurons [2, 3] , chondrocytes [4] , limb bud ectoderm and mesenchymal cells [5] , brain ventricle ependymal cells [6] , kidney tubule epithelial cells [7] , pancreatic duct and islet cells [8, 9] , liver cells [10] , and even many tissue culture cells. In most cases, the physiological importance of cilia in these tissues was not immediately apparent. The fact that most of these cilia were non-motile reinforced the idea that they were non-functional. Recently, however, cilia have staged a comeback and in this review we present the modern concept of cilia as important sensory organelles that are critical for development and physiology.
Firstly we shall clarify some terminology: the terms 'cilia' and 'flagella' refer to essentially identical organelles. Originally, the term cilia was used when a cell had a large number of ciliary structures that were all relatively short, such as in Paramecium, and the term flagella was applied to the single long structure found on cells such as sperm cells, even though the underlying ultrastructure is the same in both cases. To borrow an example from the philosopher Frege, the terms cilia and flagella are just like the terms 'morning star' and 'evening star' -they denote the same underlying object observed in two different contexts. We will use both terms at certain points in this review, but we urge the reader to use the term cilia whenever possible to avoid confusion with bacterial flagella, which are entirely different structures. Another term that often arises is 'primary cilia', which was first applied in the context of airway epithelial cells. These cells start out with a single cilium (thus called 'primary') and then, during differentiation, form large numbers of additional cilia (which are called 'secondary'). Most cells of the body have just a single cilium and, by analogy with the single initial cilium of the airway cells, these single cilia are now generally called primary cilia.
Ciliary Structure and Composition
The underlying structural scaffold of the cilium is a cylindrical array of nine parallel doublet microtubules called the axoneme. Each doublet consists of a complete microtubule called the A tubule, and a second, incomplete tubule called the B tubule which shares part of its wall with the A tubule. The A and B tubules have a slightly different geometrical lattice of tubulin subunits [11] , which could potentially regulate the types of microtubule-binding proteins that attach to each tubule. Formation of these doublet structures probably requires additional protein factors besides tubulin, and it has been speculated that the protein tektin may form a glue that attaches the partial B tubule onto the wall of the A tubule [12] . The dynein motors that power ciliary movement are attached to the A tubule of each doublet, with their motor heads contacting the B tubule of the adjacent doublet, in a precise geometry that allows them to generate a bending force by sliding one doublet past another. The motors are assembled into large complexes, visible in the electron microscope, called dynein arms, which are arranged in a precise 96 nm periodicity along the length of the doublet.
In addition to the outer doublets, motile cilia also contain a central pair of singlet microtubules. Protein complexes known as radial spokes run inwards from the outer doublets to interact with the central pair. Radial spokes contain a solid-state signal transduction pathway that regulates motility by linking the position of the central pair to the activity of dynein arms [13] . Sub-Compartments within the Cilium In addition to the axoneme and its associated proteins, four other sub-compartments of the cilium can be recognized. The first compartment of interest is the ciliary membrane, which contains many receptors and channels (see Table 1 ), consistent with the sensory functions of this organelle. A second compartment is the matrix, the fluid phase between the axoneme and the membrane that contains the intraflagellar transport machinery necessary to assemble and maintain flagella (see below) as well as axonemal subunits being transported by this machinery. The matrix may also contain factors involved in sensory transduction via second messenger systems.
Two additional sub-compartments of the cilium are the tip and the basal body, located at opposite ends of the axoneme. The tip of the cilium contains a specialized protein complex clearly visible by electron microscopy [14] . Several proteins have been shown to localize to the tips of cilia, including the microtubule plus-end binding protein EB1 [15] and the Hedgehog signaling protein Smoothened [16] , although the function of the tip structure remains unknown. The basal body is a modified centriole that serves as the foundation upon which the cilium is constructed. The importance of the basal body/centriole for ciliary assembly and function is highlighted by the multitude of ciliary disease genes that encode basal body proteins (Table 1) . Cilia grow from the distal end of the basal body, and the doublet microtubules are directly nucleated by the microtubules found in the basal body. Moreover, the basal body appears to act as a docking site for proteins involved in ciliary transport [17] . The junction between the cilium and the centriole-derived part of the basal body is called the transition region, and it differs in its ultrastructure from the rest of the centriole [18] . In ultrastructural studies of green algae, the transition region is seen to include a star-shaped array of fibers called stellate fibers and a co-axial cylinder within the doublets that has a characteristic 'H' shape when viewed in longitudinal sections. Neither the functional purpose of these architectural features, nor their molecular composition, is currently known.
Protein Composition of Cilia
The cilium is an enormously complicated structure, and this complexity is mirrored in its protein composition, which is estimated from 2D-PAGE of isolated cilia to comprise roughly 250 distinct proteins. Determining the 'parts list' of such a complex structure has proven a challenging task. Originally, genetic and biochemical analyses, especially in the unicellular green alga Chlamydomonas [19] , revealed several genes required for flagellar assembly and motility. More recently, the availability of complete genome sequences for ciliated organisms, especially Chlamydomonas, has allowed systematic genome-wide searches for ciliary proteins. One genome-wide approach is mass-spectrometrybased proteomics. Direct proteomic analysis of isolated cilia/flagella has been performed in human cells [20, 21] , Chlamydomonas [22] , and trypanosomes [23] , as well as on isolated basal bodies [24] . A second, complementary approach has been developed, based on the fact that genes encoding many flagellar proteins are upregulated during flagellar regeneration in Chlamydomonas [25, 26] . Based on this pattern of upregulation, genome-wide transcriptional profiling was used to identify the set of genes upregulated during flagellar regeneration in Chlamydomonas [27] . A similar strategy was employed in nematodes where cell-specific gene expression analysis has been used to identify genes selectively expressed in ciliated sensory neurons [28] . A third approach has been comparative genomics, in which BLAST homology searches between completed genomes were used to identify genes conserved in phyla that have cilia, but missing in phyla lacking cilia [29, 30] . These systematic approaches,
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combined with forward and reverse genetic studies in model organisms, as well as mapping of human ciliary disease genes, have led to the identification of a large number of ciliary proteins (Table 1) . Assembling the Cilium Cilia assemble by adding new material at the distal tip [31, 32] and this assembly at the tip does not cease when the cilium reaches its final length, but continues to occur. A fixed length is maintained at steady-state because assembly is balanced by continuous turnover at the tip [33, 34] . Because the cilium lacks ribosomes, all proteins assembled at the tip must be brought there from their site of synthesis in the cell body. This movement of precursor proteins to the tip is accomplished by the mechanism of intraflagellar transport (IFT) [35, 36] . IFT involves a complex of at least 17 polypeptides that is pulled by a heterotrimeric kinesin-II motor out to the tip and then brought back by cytoplasmic dynein. The mechanism by which the anterograde kinesin motors are switched off and the retrograde dynein motor switched on when the IFT particles reach the tip is presently unclear. One protein component of the IFT machinery, IFT172, interacts with the ciliary-tip-localized microtubule-tracking protein EB1, suggesting that EB1 may be part of the signal that triggers the transition from anterograde to retrograde IFT [37] . It is unclear why there are so many proteins in the IFT complex. IFT proteins bind directly to cargo during transport [38] , so one possibility is that multiple docking sites are required to recognize the large number of potential substrates. IFT particles also associate with the ciliary membrane as judged by electron micrographs showing close apposition of membrane with each IFT complex. This might reflect a direct interaction of the IFT complex with membrane proteins, as supported by studies showing that IFT is required to move such proteins [39] , or alternatively it could indicate an interaction of one or more IFT proteins with the membrane itself.
IFT proteins dock onto the basal body before they enter the cilium, and thus the centriole/basal body plays at least two roles in ciliogenesis, serving as both foundation for the structure and gathering place for transport complexes. Indeed, many proteins involved in ciliogenesis besides the IFT proteins accumulate in the vicinity of the basal body, for instance the BBS proteins involved in Bardet-Biedl syndrome (see below and Table 1 ). It has also been proposed that the basal body contains sorting structures, analogous to nuclear pore complexes, that regulate the entry of proteins into the cilium [17] . The signals that determine which proteins are imported into the cilium remain unclear. It is possible that the IFT machinery plays a role in ciliary import, although it is clear that at least some proteins, for instance components of the outer dynein arms, do not require IFT to enter the cilium [40] .
Motile and Sensory Functions of Cilia
The near ubiquity of cilia in human tissues and throughout eukaryotic biodiversity suggests that they must perform important functions that have been subject to evolutionary selection. Our current understanding of cilia suggests that they act as both motors and antennae, creating fluid movements and sensing the environment around the cell.
Cilia as Engines of Motility
Cilia and flagella were first noted for their motility. In addition to the obvious role of flagellar motility during sperm movement, motile cilia play important roles in clearance of mucus from the airway, fluid from sinuses, and even in early development (see below).
The mechanism of ciliary motility is not well understood, but is a fascinating biophysical problem. If all dynein motors became active simultaneously, this would not result in an effective bending movement, because dyneins on one set of doublets would be opposed by dyneins on the doublets on the opposite side of the cilium. In order for bending to occur, dynein rows must be activated and inactivated in a synchronous alternating pattern. Individual dynein arms have been shown to behave as oscillators [41] ; however, the mechanism that coordinates the mechanochemical oscillations of thousands of dyneins in order to produce coherent bending, remains unknown. Several plausible models have been suggested, including the curvature-regulated movement model [42] and the geometric clutch model [43] , both of which invoke a feedback control of motor activity by geometrical changes in outer doublet configuration, leading to an overall entrainment of dynein oscillations. Consistent with both models, it has been shown that imposed deformation of flagella can alter the pattern of dynein arm activation [44] .
A further complication is that cilia or flagella can undergo different types of movement, either a symmetrical sine-wave-like wiggling or a large-scale bending like a swimmer's arm during the breast stroke. This latter type of asymmetrical bending requires the central pair. During this bending movement, the central pair rotates, and this rotation appears to correlate with the activation of particular rows of dynein [45, 46] . These results suggest that the central pair may provide a coordinating signal that bypasses the normal selforganizing dynein activation pattern in order to produce a large asymmetrical beat. A third type of ciliary movement occurs in the embryonic node, in which the cilium twists about its base while remaining straight along its entire length, much like the arm of a cricket bowler, producing a rotational movement that stirs the surrounding liquid [47] . It is unknown how widespread this type of motility will turn out to be.
In addition to the bending movements of cilia, the ciliary membrane also undergoes an active longitudinal sliding movement. Beads or small particles stuck onto the ciliary surface are moved back and forth by an unknown mechanism that might involve the intraflagellar transport pathway [48] . This motility, which has been observed in protists, sea urchin embryos, and mammalian tissue culture cells, allows unicellular organisms to move over solid surfaces, a type of motion called gliding, and also may allow organisms to bring food closer to the cell surface after capturing it with their cilia. An Aside about Evolution and Design Cilia are a favorite organelle of 'intelligent design' creationists, who argue that the 'irreducible complexity' of the cilium proves the existence of God. This argument presupposes that anything less than a fully intact cilium would be incapable of movement, and therefore would confer no selective advantage to the organism. Thus gradual evolution could not guide the development of the cilium. As with other intelligent design arguments, this sounds more convincing than it actually is. Firstly, even if a proto-cilium couldn't produce bending movements, the gliding-type motility just described would certainly be advantageous. Gliding would not require the symmetrical ultrastructure or dynein arms required for normal ciliary beating -a cell would just need a few microtubule-based struts and a motor that can move the membrane relative to those struts, and the resulting proto-cilium would confer gliding motility, as well as long-distance food capture and feeding. Secondly, cilia with highly abnormal structures, for instance reduced numbers of microtubules or no central pair, are able to generate surprisingly effective swimming motility [49] [50] [51] . Finally, cilia are not just organelles of movement, but are also, and perhaps predominantly, organelles of sensation. Sensory cilia function, which we will now discuss, would not require the motile machinery nor the specific structural symmetries found in modern motile cilia, but would convey obvious evolutionary advantages to the organism in which they first arose.
Cilia As Sensory Antennae and Signal Processors
If one looks carefully at receptor protein localization, it turns out that a surprisingly large number of these proteins are mainly localized within cilia. Prominent examples include somatostatin, serotonin, and PDGF receptor subclasses [3, 52, 53] , but a more extensive list is given in Table 1 . Olfactory receptors function entirely within cilia at the ends of olfactory dendrites, and the outer segments of retinal rods and cones, where vision occurs, are actually highly modified sensory cilia.
Why use a cilium as a sensory organelle? Why not just put the necessary receptors in the cell membrane, as is done in so many cases? For one thing, cells may benefit by projecting a sensory compartment like a probe into the surrounding fluid. It is a well-known principle of fluid mechanics that any fluid immediately adjacent to a surface, such as the cell membrane, will be immobile and thus poorly mixed even when the surrounding media is flowing by the surface. In addition to this unmixed layer effect, electrostatic effects caused by charged lipids on the cell membrane will cause the concentration of counter-ions and proteins to differ from their bulk concentration within an approximately 40 Å boundary layer near the plasma membrane [54] . Moreover, many cells are encrusted with a glycocalyx that extends beyond the reach of a membrane-embedded receptor, thus producing a microenvironment around the receptors that differs from the true chemical environment of the media. Cells may therefore get a more accurate reading of chemical composition by extending receptors away from the cell surface. The high flexural rigidity of the axoneme makes cilia an ideal choice for such a whisker-like probe. Moreover, odorants and other dissolved molecules can have a non-uniform spatial distribution, so the geometry with which receptors are arranged across a fluid flow can affect the signal that is detected, a phenomenon called 'hydrodynamic filtering' [55] . Cilia may extend into the medium in order to achieve more reliable detection of ligands distributed non-uniformly in a flowing fluid. The precise length of the cilium would thus play an important role in setting the spatial scale over which sensing occurs. Another evolutionary reason to use cilia for sensing may be signal processing. The high surface to volume ratio of the cilium makes it an ideal compartment for signal transduction by second messenger generation. A relatively small number of active receptors on the surface would produce an extremely high concentration of second messengers in the ciliary lumen, compared with the same number of receptors acting in the much more voluminous cytoplasm. Once generated, a signal from a cilium would have to flow out through the base in order to communicate with the cytoplasm. The longer the cilium, the longer it would take to reduce the average concentration of calcium back to its resting level.
In addition to their roles as chemical and osmotic sensors, cilia also play important roles as mechanical sensors, most likely by acting as rigid rods with a stress sensor at the basal body end of the cilium [56] [57] [58] . The actual mechanosensation from ciliary bending into ion flux is probably mediated by the polycystin proteins [58] . Modeling studies indicate that the range of fluid shear forces detectable by a cilium depends strongly on its length [59] , suggesting that ciliary length may be regulated in different cell types to detect specific ranges of flow rates.
Ciliary Diseases
Given the long list of sensory and motile functions mediated by cilia, it should come as no surprise that a wide range of human diseases arises from defects in cilia structure or function. The two symptoms most often discussed are formation of kidney cysts and defects in mucus clearance, although a host of other symptoms are now being linked with defective cilia function.
Polycystic Kidney Disease
The prototypical 'ciliary disease' is polycystic kidney disease (PKD). In this disease, defective cilia-mediated sensing of urine flow in the collecting tubules results in overproliferation of cells, resulting in the formation of large cysts [7, 60] . This is of great interest because it suggests a link between sensory cilia function and cell division control, but neither the physiological purpose nor the molecular mechanism of this link is yet clear [61] . Perhaps inhibition of proliferation by mechanical flow is part of the normal developmental pathway for forming tubules: in this model, cells that lack cilia are unable to detect any flow, and therefore continue to proliferate in a futile attempt to open up a connected tube structure in which flow can occur.
Diseases of Ciliary Motion
A second common symptom of ciliary disease is defective clearance of mucus. Motile cilia are critical in moving mucus out of sinuses and the airway, so defective ciliary motility results in chronic sinusitis and bronchiectasis. Defects in mucus clearance from the airway can result from a range of ciliary defects including paralyzed cilia, disorientated cilia, cilia of abnormal length, or cilia that are missing entirely [62] .
A related fluid-clearance symptom occurs when cilia are defective in brain ventricles. The ependymal cells of the brain ventricles are covered with motile cilia, and apparently this ciliary motility is important to regulate the fluid exchange in these compartments. Consequently, defects in ciliary motility cause hydrocephalus [63] . Several hydrocephalus disease genes encode cilia-localized products (Table 1) , even though the precise role they play remains unclear.
Immotile cilia also produce developmental defects. As will be discussed below, cilia on the embryonic node play an important role in biasing the formation of left-right asymmetry. Individuals with immotile cilia have a 50% chance of showing a complete reversal of left-right asymmetry during development, such that their viscera are on the opposite sides of the body from normal individuals.
Emerging Ciliary Diseases
In addition to the well-characterized ciliary disease symptoms of PKD and laterality defects, it is becoming clear that many other symptoms can result from ciliary defects. One very strong candidate is retinal degeneration. The outer segments of rods and cones are joined to the main cell body by a connecting cilium, and the only way for material, such as rhodopsin, to be moved from its site of synthesis in the cell body out to the photoreception compartment in the outer segment is by being transported through the cilium. Vesicles are constantly shed from the outer segment and phagocytosed, hence a reduction in the rate of intersegmental transport, caused by defects in IFT through the connecting cilia, can lead to degeneration of the rod and cone outer segments [64, 65] . A classic eye disorder with potential ciliary involvement is retinitis pigmentosa, which is characterized by loss of night vision and restricted visual field. Ultrastructural analysis of nasal cilia in such patients indicates that retinitis pigmentosa is often accompanied by structural defects in non-retinal cilia as well, suggesting that the symptoms of this disorder can arise from a more general underlying ciliary defect [66] .
Perhaps the least understood ciliary disease symptom is obesity. Bardet-Biedl syndrome, caused by defects in ciliary and basal body proteins, is characterized by a combination of obesity, retinal degeneration, kidney dysfunction, and polydactyly [67] . Most of the defects seen in these patients are recognized ciliary disease symptoms, but the link between ciliary defects and obesity was unexpected. How might cilia be involved in regulating fat storage? Fat-storing cells (Ito cells) of the liver are ciliated [10] , and they could in principle act in these cells to modulate lipid metabolism. It remains completely unknown, however, what aspect of fat homeostasis is modulated by cilia, and it would be premature to speculate about any possible roles. However, genetic experiments in nematodes have made some headway in answering this question. Mutations in several IFT proteins required for ciliogenesis, as well as mutations in the cilia-localized Tub-1 protein and the worm homolog of BBS1, show a synergistic genetic interaction (in terms of the obesity phenotype) with mutations in an enzyme involved in beta-oxidation of fatty acids [68] . Mutations in tub-1 itself (or its mammalian homolog tubby) also cause obesity in both worms and in mice [69, 70] , which suggests that this ciliary protein has a special functional link to fat regulation. A tubby-related protein, TULP2, is upregulated during ciliogenesis in Chlamydomonas [27] and is localized to the cilia-rich tissues of the retina and testis in the mouse [70] , further confirming the connection between Tubby proteins and cilia. Tubby proteins, acting in sensory cilia, may therefore help to regulate fatty acid metabolism, such that perturbations of cilia lead to abnormal lipid accumulation.
Ciliary diseases sometimes also involve defects in limb development, notably polydactyly. This probably reflects a role for cilia in Sonic hedgehog signaling, which will be described below. Not all ciliary diseases involve such deformations, but polydactyly has been reported to occur in the cilia-related diseases Bardet-Biedl syndrome, oral-facial-digital syndrome [24, 27, 71, 72] , and Senior-Loken syndrome [73] . Cilia-related symptoms described above often occur in various combinations, giving rise to distinct syndromes. For instance, Bardet-Biedl syndrome entails obesity, retinal degeneration, and kidney dysfunction, while Kartagener's syndrome is characterized by laterality defects and chronic sinusitis. One of the big outstanding puzzles of ciliary disease is why don't all ciliary diseases show the exact same set of phenotypes. One answer is that different defects in ciliary structure or function can differentially affect various physiological or developmental processes. For instance, immotile cilia are defective in mucus clearance and symmetry breaking (as seen in Kartagener's syndrome), but probably have no problems in sensing somatostatin levels or transporting opsins in the retina. In contrast, mutations affecting ciliary sensing functions might result in defects in kidney cell proliferation, but might have no effect on motile cilia functions such as mucus clearance. The detailed genetic properties of the disease loci themselves may also account for the differences in the syndromes. For instance, genes on the X chromosome such as oral-facial-digital syndrome 1 may show mosaic expression in heterozygous females, and thus only affect tissues or organs in which partial loss of function is sufficient to show a phenotype [72] . Finally, cilia themselves may have a different composition or ultrastructure in different cell types, thus conferring differential effects between tissues when ciliary structures are mutated that act in one tissue but not another [74] .
Cilia in Development
Many of the defects (such as polydactyly) seen in patients with ciliary diseases are developmental in nature. Given that cilia are found not only in adult tissues but throughout the developing embryo, it is interesting to consider how ciliary functions may contribute to animal development. Cilia and Left-Right Asymmetry in Development Cilia play important roles in development of left-right (L-R) asymmetry, at least in mouse and zebrafish, by stirring fluid during gastrulation. Originally, the relationship between cilia and L-R asymmetry was inferred from observations that primary ciliary dyskinesia (PCD) accompanies situs inversus in half of PCD patients. [75] .
This straightforward connection between ciliary motility and symmetry breaking remained unpopular. One reason is that the motility of tracheal cilia and sperm flagella was not defective in the mouse model of situs inversus, inversus viscerum (iv), [76] . Another reason was that primary cilia, including those of the node, were believed to be immotile. The belief that nodal cilia were immotile persisted for many years [77] , despite the publication of a video microscopy study showing that nodal cilia were, in fact, motile [78] . Even when the iv gene was cloned and found to encode an axonemal type dynein heavy chain, it was asserted that the iv motor could not be involved in ciliary motility in the node and must break symmetry via some other mechanism, on the grounds that nodal cilia were known to be immotile [79] .
This impasse was finally resolved by analysis of the L-R randomization phenotype in the KIF3B knockout mouse, which lacks nodal cilia due to a loss of IFT [80] . The paper showed that the nodal cilia are actually moving in a rotational fashion and generate leftward fluid flow (called 'nodal flow'). Studies of iv mutant mice revealed paralyzed cilia in the node, despite normal movement of the other cilia [81, 82] . A direct role of nodal flow in symmetry breaking was confirmed by mimicking the flow by imposing artificial flow using a mechanical pump [83] . Now developmental biologists are intensively working on three major ques- No-slip boundary condition at surface (depicted by the hand) causes the rightward phase of rotation to be ineffective in moving fluid, while the leftward phase, which is less constrained by the surface boundary layer, is able to move fluid productively towards the left [85] .
The ability of this model to generate flow has been verified with a mechanical model [85] . (C) Intrinsic asymmetry in beating cycle, so that the leftward velocity is higher than the rightward velocity, which requires prior symmetry breaking [87] .
Physicists first proposed a hydrodynamic model that posteriorly tilted cilia can generate leftward flow without any preceding L-R asymmetry [84] . The tilt was confirmed biologically by observation of living and fixed specimens [85, 86] . Cartwright's model [84] interpreted the leftward flow as one phase of an intrinsically diphasic flow with a leftward layer at the level of the cilia tip and a rightward layer at the node surface ( Figure 2A) . However, the rightward return flow near the surface was never observed in experimental flow measurements [80, 81] , suggesting that this model cannot be correct as stated. Moreover, purely unidirectional flow imposed by an artificial pump is fully effective in symmetry breaking [83] , thus a rightward return flow cannot play any important role in the process. To resolve this issue, Nonaka et al. [85] showed that surface effects can cause a difference in the efficiency of dragging water between standing leftward phase and almost cell-scraping rightward phase, such that a surface rightward flow layer need not be present ( Figure 2B ). Another paper emphasizes the difference of angular velocity between faster leftward and slower rightward phases for generating flow ( Figure 2C ) [87] . This model is interesting in terms of the origin of L-R asymmetry because this beat pattern requires preceding asymmetry, although the difference may also be explained as the result of resistant force by the surface effects acting during tilted rotation, as has previously been proposed [85, 86] , in which case prior L-R symmetry breaking would not be required for the model to work.
The directional information of nodal flow must be converted to asymmetric gene expressions. Theoretically, there are two independent questions in this process. One is whether the information is chemically or mechanically sensed, and the other is whether the sensor is localized on the cilia or the other non-ciliary, cell membrane. The earliest model hypothesized that a secreted molecule(s) would form a concentration gradient due to flow, thus triggering its receptor on one side ( Figure 3A ) [80, 81] . Brueckner and colleagues [88, 89] proposed an alternative 'two cilia model' in which mechanical stress of the flow is sensed by a population of non-motile cilia at the periphery ( Figure 3B ). The model can explain the left-specific calcium influx observed in the nodal rim, as well as the lack of this influx observed in embryos lacking the PKD gene pkd2. However, this model cannot explain the results of artificial flow experiments, where the flow bends the sensor cilia equally at both sides to establish L-R pattern [83] . Equal flow magnitude could result in unequal mechanosensation if we assume that cilia possess mediallateral polarity and respond to only lateral bending away from the midline, although such polarity has not been reported ( Figure 3C ). Artificial nodal flow experiments using mutants that lack cilia will be useful in examining this model. An alternative chemical model was proposed by Hirokawa and colleagues [90] . Their intriguing 'nodal vesicular parcel' (NVP) model suggests that multivesicular vesicles containing Sonic hedgehog and retinoic acid bud off from the surface, flow to the left, and smash on the surface to distribute these ligands ( Figure 3D ). This could potentially be a very novel and exciting mode of extracellular signal transduction. Unfortunately, the phenomenon of 'smashing' depends on the inertia of a moving object, and, in small, slow-moving flows such as those occurring in the node, inertia is negligible compared with viscous forces, meaning that smashing cannot occur. Therefore, it appears that the model of parcels smashing on impact cannot be correct, based on the physics of low Reynolds number flow. The NVP model thus requires some alternative mechanism to rupture the vesicles, but currently no information exists concerning this mechanism. Clearly, the question of how leftward flow is converted to left-side identity is far from resolved.
How universal is nodal flow? Gastrulating embryos are ciliated throughout vertebrates [91] , but the role of these cilia is not yet clear in frog and chick, given that L-R asymmetry is evident before the cilia appear. In the fish, however, the nodal flow system seems quite similar to that of mammals. Kupffer's vesicle, which is the fish equivalent of the mouse node, bears tilted and rotating cilia that produce flow [86] and these cilia have been shown genetically to be necessary for L-R asymmetry [92, 93] . One can at least conclude with certainty that cilia-driven nodal flow is not just an aberration of mouse development, since it also occurs in fish. Nodal flow is currently the best-characterized motile ciliary function in development, but probably is not the only one. Ependymal cilia in brain ventricles have been shown to generate a directed flow of cerebrospinal fluid that directs the migration of neuroblasts during development in the mouse [94] . Clearly, ciliary motility will have to be carefully considered whenever cilia are shown to affect any developmental process.
Cilia and Hedgehog Signaling
One might think that for a developmental pathway as carefully studied as Hedgehog signaling, there would be little new to discover. Remarkably, it has recently emerged that cilia play a critical role in this pathway, a fact that had been overlooked for years. The first clue that cilia were involved came from analysis of the mouse wimple mutant which showed defective Sonic hedgehog signaling. When the wimple gene was cloned, it was found to encode a gene involved in intraflagellar transport, IFT172 [95] . Further analysis showed that multiple proteins required for IFT are also required for Hedgehog signaling, implicating cilia in this signaling pathway. The presence of cilia was found to be required for processing of Gli proteins, which are downstream mediators of Hedgehog signaling [5, [96] [97] [98] . Both the Gli proteins, as well as their upstream regulator protein Smoothened, are localized within cilia [5, 16, 98] . The serendipitous discovery that cilia play a fundamental role in Hedgehog signaling, and especially the complete failure of so many Hedgehog signaling researchers to notice this key fact until recently, raises the possibility that cilia may also play unrecognized roles in other well-studied developmental signaling pathways. For example, a recent study has shown that cilia defects lead to defective planar cell polarity (PCP) [99] , although it is not yet clear whether cilia are involved in sensing the polarity cues or simply act as downstream effectors, given prior studies showing that ciliary position responds to PCP signals [100] .
Future Prospects
Cilia are emerging as ubiquitous organelles that provide the cell with an interface to the outside environment that can mediate both input and output. Cilia play important roles in development as well as in adult physiology and are becoming linked to an increasing number of disease syndromes. Although cilia are now known to play a role in a few signaling pathways, it will be important to flesh out the complete set of molecular pathways that involve ciliary signaling. Similarly, we are only just beginning to understand the functions of individual ciliary proteins, not to mention the basic biology of how a cilium is built and operated, so additional studies are also needed in this area.
The history of research on primary cilia illustrates the degree to which an entire field can be held back by a single mistake of logic -in this case, the argument that primary cilia are non-motile, therefore they have no function. Indeed, more than a few prominent researchers have had to be dragged, kicking and screaming, into the recognition that cilia play important roles in their process of interest. It is truly fortunate that a few die-hard (and vocal) visionaries, such as Bowser, Wheatley, and Rosenbaum, kept the cause of primary cilia alive all these years [101, 102] . Now that we have finally freed ourselves of the erroneous belief that cilia are just non-functional vestiges of evolution, their potential involvement in various biological processes can continue to be explored.
